Introduction {#cns12660-sec-0005}
============

Parkinson\'s disease (PD) is a progressive neurodegenerative movement disorder, affecting approximately 1--2% of the population over the age of 65 [1](#cns12660-bib-0001){ref-type="ref"}. It is the second most common neurodegenerative disease. The neuropathological hallmark of PD is progressive loss of the dopamine (DA) neurons within the substantia nigra pars compacta (SNpc), associated with deficiency of the neurotransmitter DA in the striatum. Presently, despite extensive research, the etiology of PD remains unknown and there are no disease‐modifying therapeutic agents to slow the neuronal degeneration. Many factors such as age, genetic predisposition, and environmental factors have been involved to cause PD. Recent genetic studies have revealed an underlying genetic cause in at least 10% of all PD cases, which provides new opportunities for the discovery of molecularly targeted therapeutics that may ameliorate neurodegeneration. Among the genes associated with PD, leucine‐rich repeat kinases 2 (LRRK2/PARK8) is the most common cause of familial and sporadic late‐onset forms of PD [2](#cns12660-bib-0002){ref-type="ref"}, [3](#cns12660-bib-0003){ref-type="ref"}, [4](#cns12660-bib-0004){ref-type="ref"}, [5](#cns12660-bib-0005){ref-type="ref"}.

LRRK2 is a large gene whose transcript encodes 2527 amino acids. Several independent domains have been established or predicted for the LRRK2 protein, including an ankyrin‐like (ANK) domain, a leucine‐rich repeat (LRR) domain, a Ras‐of‐complex (Roc) GTPase domain followed by its associated C‐terminal of ROC (COR) domain, a serine--threonine kinase domain, and a C‐terminal WD40 domain [6](#cns12660-bib-0006){ref-type="ref"}. More than 40 LRRK2 mutations are identified, and six of them are considered definitely pathogenic (R1441C/G/H, Y1699C, G2019S, I2020T) [7](#cns12660-bib-0007){ref-type="ref"}, [8](#cns12660-bib-0008){ref-type="ref"}. The G2019S, R1441C, and R1441G mutations increase LRRK2 kinase activity [7](#cns12660-bib-0007){ref-type="ref"}, and both the kinase and the GTPase activities of LRRK2 are obligatory to induce cell death [9](#cns12660-bib-0009){ref-type="ref"}. To date, G2019S is the most common mutation and it is associated with increases in toxic putative kinase activity [3](#cns12660-bib-0003){ref-type="ref"}, [10](#cns12660-bib-0010){ref-type="ref"}, [11](#cns12660-bib-0011){ref-type="ref"}. These findings support the notion that G2019S may play a pathogenic role through a "gain‐of‐function" mechanism, suggesting that small molecule LRRK2 kinase inhibitors may be able to block aberrant LRRK2‐dependent signaling in PD [12](#cns12660-bib-0012){ref-type="ref"}, [13](#cns12660-bib-0013){ref-type="ref"}, [14](#cns12660-bib-0014){ref-type="ref"}, [15](#cns12660-bib-0015){ref-type="ref"}. Hence, LRRK2 kinase inhibitors begin to be considered as a potential PD therapy. Rapid progress has been made toward the development of LRRK2 kinase inhibitors [15](#cns12660-bib-0015){ref-type="ref"}, [16](#cns12660-bib-0016){ref-type="ref"}. LRRK2‐IN‐1 [17](#cns12660-bib-0017){ref-type="ref"} is the first selective and exceptionally potent LRRK2 inhibitor (WT‐LRRK2 IC~50~ = 13 nM, G2019S‐LRRK2 IC~50~ = 6 nM). However, it cannot pass the blood--brain barrier (BBB). Several LRRK2 inhibitors have recently been synthesized with the designation to cross the BBB, such as the potent and highly selective GSK2578215A [18](#cns12660-bib-0018){ref-type="ref"} and GNE‐7915 [19](#cns12660-bib-0019){ref-type="ref"}. Both of them are highly potent, selective, metabolically stable, and brain‐penetrant LRRK2 inhibitors (Table S1).

However, does the growing number of developed and patented LRRK2 kinase inhibitors mean that we are closer to a PD disease‐modifying therapy targeting LRRK2? To test whether LRRK2 inhibitors are effective therapies for PD, it is crucial to know, besides safety concerns, whether LRRK2 inhibitors will affect DA neurotransmission or not. To address this gap in knowledge, we investigated the effects of LRRK2 inhibitors on DA release in the dorsal striatum (dSTR) and DA neuron firing in the SNpc using three structurally distinct LRRK2 inhibitors, LRRK2‐IN‐1, GSK2578215A, and GNE‐7915. We included LRRK2‐IN‐1 in the study as it is now the standard/benchmark in cellular assays to investigate LRRK2 function [20](#cns12660-bib-0020){ref-type="ref"}, [21](#cns12660-bib-0021){ref-type="ref"}, [22](#cns12660-bib-0022){ref-type="ref"}, [23](#cns12660-bib-0023){ref-type="ref"}, [24](#cns12660-bib-0024){ref-type="ref"}.

Materials and Methods {#cns12660-sec-0006}
=====================

Animals and Slice Preparation {#cns12660-sec-0007}
-----------------------------

The use of the animals followed the National Institutes of Health guidelines and was approved by the Institutional Animal Care and Use Committee at Thomas Jefferson University. All efforts were made to minimize the number of animals used. BAC LRRK2(hR1441G) transgenic (Tg) mice (stock \#009604, The Jackson Laboratory) and BAC LRRK2(hG2019S) Tg mice (stock \#009609, The Jackson Laboratory) were all obtained from Chenjian Li\'s laboratory at Weill Medical College of Cornell University and maintained on Taconic FVB/N background. Non‐Tg, G2019S‐LRRK2‐Tg, R1441G‐LRRK2‐Tg heterozygote mice were prepared by crossing male heterozygote Tg mice with female wild‐type (WT) FVB mice. LRRK2 knockout (KO) mice [25](#cns12660-bib-0025){ref-type="ref"} were a kind gift from Dr. Jie Shen at Harvard Medical School.

Five‐ to 12‐month‐old male WT, LRRK2 KO, G2019S‐LRRK2‐Tg, R1441G‐LRRK2‐Tg mice and their non‐Tg littermates were used. For preparing striatal slices, mice were decapitated without anesthesia and brains were immediately dissected out. Coronal striatal brain slices at 300 *μ*m were prepared on a vibratome (VT1200, Leica, Solms, Germany) for electrophysiological recording. The striatal slices were allowed to recover for at least 1 h at 36°C in a holding chamber containing oxygenated artificial CSF (ASCF) and then placed in a recording chamber superfused (1.5 mL/min) with ACSF (in mM: 125 NaCl, 2.5 KCl, 26 NaHCO~3~, 2.4 CaCl~2~, 1.3 MgSO~4~, 0.3 KH~2~PO~4~, and 10 glucose) at 36°C. For preparing midbrain slices, adult mice were anesthetized by intraperitoneal injection of ketamine and xylazine (100 and 10 mg/kg) and then transcardially perfused with 15--20 mL *N*‐methyl‐[d]{.smallcaps}‐glucamine (NMDG) ACSF [26](#cns12660-bib-0026){ref-type="ref"} at room temperature. Coronal midbrain slices at 250 *μ*m were prepared on a vibratome with NMDG ACSF, recovered in NMDG ACSF at 36°C for 10--12 min, and then transferred into a new holding chamber containing HEPES holding ACSF under constant carbogenation at room temperature. NMDG ACSF (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH~2~PO~4~, 30 NaHCO~3~, 20 HEPES, 25 glucose, 2 thiourea, 5 Na‐ascorbate, 3 Na‐pyruvate, 0.5 CaCl~2~ and 10 MgSO~4~·7H~2~O. HEPES holding ACSF (in mM): 92 NaCl, 2.5 KCl, 1.25 NaH~2~PO~4~, 30 NaHCO~3~, 20 HEPES, 25 glucose, 2 thiourea, 5 Na‐ascorbate, 3 Na‐pyruvate, 0.1 CaCl~2~ and 4 MgSO~4~·7H~2~O. The pH of all ACSF solutions was adjusted to 7.3--7.4 with concentrated hydrochloric acid, and ACSF solutions were saturated with carbogen (95% O~2~/5% CO~2~) prior to use to ensure stable pH buffering and adequate oxygenation.

To examine the effects of the LRRK2 inhibitors, slices were incubated for 2 h or perfused for 30 min in ACSF containing LRRK2 inhibitors. For the incubation treatment, striatal slices were bisected, and one striatum was exposed to LRRK2 inhibitor (2 h), while the other was exposed to vehicle (DMSO) as the control.

LRRK2‐IN‐1 and GSK2578215A were purchased from Tocris Bioscience (Minneapolis, MN, USA). GNE‐7915 was a kind gift from Dr. Nathanael Gray at Harvard Medical School. All drugs at the highest concentration used did not alter the carbon fiber electrode sensitivity. The drugs were diluted from frozen aliquots immediately before use and were applied through bath application.

Fast‐scan Cyclic Voltammetry Recording (FSCV) {#cns12660-sec-0008}
---------------------------------------------

FSCV and amperometry were used to measure evoked DA release in the dSTR. Electrochemical recordings and electrical stimulation were performed as previously described [27](#cns12660-bib-0027){ref-type="ref"}. Briefly, freshly cut carbon fiber electrodes \~5 *μ*m in diameter were inserted \~50 *μ*m into the dSTR slice. For FSCV, a triangular voltage wave (−400 to 900 mV at 280 V/s versus Ag/AgCl) was applied to the electrode every 100 ms. For amperometry, a constant voltage of 500 mV was applied. Current was recorded with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA), with a low‐pass Bessel filter set at 10 kHz, digitized at 25 kHz (ITC‐18 board; InstruTech, Great Neck, NY, USA). Triangular wave generation and data acquisition were controlled by a personal computer running a locally written (Dr. E. Mosharov, Columbia University, New York, NY, USA) IGOR program (WaveMetrics, Lake Oswego, OR, USA). Striatal slices were electrically stimulated (400 *μ*A × 1 ms pulse duration) by an Iso‐Flex stimulus isolator triggered by a Master‐8 pulse generator (AMPI, Jerusalem, Israel) using a bipolar stimulating electrode placed at a distance of 100 *μ*m from the recording electrode. Background‐subtracted cyclic voltammograms served for electrode calibration and to identify the released substance. DA oxidation current was converted to concentration based upon a calibration of 5 *μ*M DA in ACSF after the experiment. In some cases, that is, for experiments measuring the ratio of 2p\@100 Hz/1p ratio, after using FSCV to confirm the identity of DA, we switched to amperometry to increase temporal and detection sensitivity. The slices were stimulated every 2 min in the dSTR, and experiments were generally initiated after three stimuli to confirm a consistent and robust response.

Patch‐clamp Recording {#cns12660-sec-0009}
---------------------

In vitro electrophysiological patch‐clamp recordings were performed on SNpc DA neurons through an upright Olympus BX50WI (Olympus, Tokyo, Japan) differential interference contrast microscope with a 40× water immersion objective and an IR‐sensitive video camera. Whole‐cell or cell‐attached patch‐clamp recordings were carried out with a multiclamp 700B amplifier (Molecular Devices, Forster City, CA, USA) and digitized at 10 kHz with a Digidata 1440A (Molecular Devices). Data were acquired using Clampex 10.2 software (Molecular Devices) for subsequent analysis. DA neurons in the SNpc were identified by their characteristic morphologic and physiological features [28](#cns12660-bib-0028){ref-type="ref"}, [29](#cns12660-bib-0029){ref-type="ref"}. In brief, the hyperpolarization‐activated cation current Ih mediated by hyperpolarization‐activated cyclic nucleotide‐gated (HCN) ion channels is a reliable electrophysiological marker to identify DA neurons in the SNpc (Ih \> 100pA). For cell‐attached recording, DA neurons were confirmed by Ih after the experiments.

All experiments were conducted at 35--36°C. For the recordings, slices were submerged in a perfusion of ACSF (1.5 mL/min). Pipettes (3--5 MΩ) were filled with (in mM): 115 K‐gluconate, 10 HEPES, 2 MgCl~2~, 20 KCl, 2 MgATP, 1 Na~2~‐ATP, 0.3 GTP, pH = 7.3; 285 ± 5 mOsm. Bridge balance was not compensated, but access resistance was periodically monitored and data were discarded if access resistance exceeded 25 MΩ or changed by more than 20% during an experiment.

Western Blot {#cns12660-sec-0010}
------------

Mouse brains slices were homogenized in sucrose buffer (20 mM HEPES (pH 7.4), 0.32 M sucrose, 1 mM NaHCO~3~, 2.5 mM CaCl~2~, 1 mM MgCl~2~) containing complete protease and phosphatase inhibitor cocktail (Fisher Scientific, Pittsburgh, PA, USA). Triton X‐100 was added to a final concentration of 1%, and the solution was incubated on ice for 30 min. Brain lysate was centrifuged at 2000 g, 4 degree for 10 min, and supernatant was transferred into a fresh tube. Protein concentration was measured with BCA assay (Pierce, Fisher Scientific). 35 *μ*g protein was run using 4--12% Bis--Tris precasting Invitrogen gel and immunoblotted with LRRK2 (Neuromab, Davis, CA, USA 1:500 dilution) and pS935 (Abcam, Cambridge, MA, USA 1:500 dilution). The LI‐COR Odyssey system was used for detection and quantification.

Data Analysis and Statistics {#cns12660-sec-0011}
----------------------------

Values given in the text and in the figures are mean ± SEM. Data obtained after administration of drugs were analyzed using a paired two‐tailed *t*‐test for individual comparisons of drug effect versus predrug (GraphPad Software, San Diego, CA, USA) unless specified. The difference was considered significant at levels of *P* \< 0.05 (\*).

For each experimental condition, at least six neurons or slices from at least three different mice were examined unless specified otherwise.

Results {#cns12660-sec-0012}
=======

No Alteration of DA Release and Recovery in LRRK2 KO Mice {#cns12660-sec-0013}
---------------------------------------------------------

To evaluate whether LRRK2 inhibitors are possible drug targets to treat patients with PD, we need to know whether loss of LRRK2 has any effects on DAergic neurotransmission. Therefore, we examined evoked DA release in striatal slices from LRRK2 KO mice and WT littermates at the age of 10‐12 months using FSCV [27](#cns12660-bib-0027){ref-type="ref"}. FSCV allows detection of synaptically released DA levels with subsecond resolution, providing insights into DA signaling dynamics [30](#cns12660-bib-0030){ref-type="ref"}. A bipolar stimulating electrode was placed in the dSTR \~150 *μ*m from the recording microelectrode, and depolarizing currents were applied at 2‐min intervals to elicit the release of DA. Due to the heterogeneity of DAergic innervation, for single‐pulse (1p) stimulation, the apparent peak amplitudes of release from three sites in the dSTR of each slice were measured and averaged. Recordings from KO and WT slices at the similar coordinators were compared to further minimize the variation. No significant difference in DA release was detected (WT: 2.10 ± 0.29 *μ*M, n = 11; KO: 2.16 ± 0.28 *μ*M, n = 11, *P* \> 0.05, Figure [1](#cns12660-fig-0001){ref-type="fig"}B). There was no alteration of DA release evoked by train stimulation of 4p at 20 Hz mimicking the phasic firing (WT: 2.43 ± 0.05 *μ*M, n = 11; KO: 2.45 ± 0.06 *μ*M, n = 11, *P* \> 0.05, Figure [1](#cns12660-fig-0001){ref-type="fig"}B). The ratio of DA release by two pulses at 100 Hz to 1p is an indicator of release probability [31](#cns12660-bib-0031){ref-type="ref"}, [32](#cns12660-bib-0032){ref-type="ref"}, and it was not altered either (WT: 1.15 ± 0.06, n = 13; KO: 1.14 ± 0.04, n = 13, *P* \> 0.05). The ratio of DA release by 4p at 20 Hz to 1p was not altered either (WT: 1.15 ± 0.02, n = 11; KO: 1.14 ± 0.02, n = 11, *P* \> 0.05). To measure the rate of presynaptic recovery, we stimulated DA release with pairs of pulses separated by intervals at 5, 10, and 20 seconds and pair‐pulse ratio (PPR) was determined (release evoked by the 2nd stimulus/release evoked by the 1st stimulus [33](#cns12660-bib-0033){ref-type="ref"}, [34](#cns12660-bib-0034){ref-type="ref"}. PPR was not altered in KO mice (Figure [1](#cns12660-fig-0001){ref-type="fig"}C) indicating that DA synaptic vesicle replenishment/recycling is not affected by the deletion of KO either [34](#cns12660-bib-0034){ref-type="ref"}. Taken together, the results demonstrate that loss of LRRK2 has no effect on DA release and synaptic vesicle replenishment/recycling.

![Loss of LRRK2 does not alter DA release and synaptic vesicle replenishment /recycling. (**A**) Representative voltammetric traces of evoked DA release with different stimulations (one pulse (1p), two pulses at 100 Hz (2p\@100 Hz), four pulses at 20 Hz (4p\@20 Hz), paired stimuli at variable interpulse intervals) in WT and LRRK2 KO mice. (**B**) Bar graphs showing no alteration of DA release evoked by 1p or 4p\@20 Hz, n = 11. (**C**) Bar graphs showing no alteration of DA release and PPR by LRRK2 deletion. 4p\@20 Hz/1p: 4p\@20 Hz train stimuli evoked DA release normalized to 1‐p‐evoked DA release, n = 11; 2p\@100 Hz/1p: 2p\@100 Hz stimuli evoked DA release normalized to 1p‐evoked DA release, n = 13; PPR/5s, PPR/10s, and PPR/20s: paired‐pulse stimulation at 5‐, 10‐, and 20‐seconds interval, n = 19.](CNS-23-162-g001){#cns12660-fig-0001}

Effects of LRRK2 Inhibitors on DA Release and Recovery in WT Mice {#cns12660-sec-0014}
-----------------------------------------------------------------

We then examined the effects of these three LRRK2 inhibitors on evoked DA release and recovery in WT mice. Striatal slices were bisected, and one striatum was exposed to a LRRK2 inhibitor at various concentrations for 2 h at 36°C, while the other was exposed to vehicle (DMSO). As all three LRRK2 inhibitors are highly potent with low nanomolar biochemical and cellular activities, each LRRK2 inhibitor was tested at 0.1, 0.3, 1, 3 *μ*M, respectively, to determine the dose response. LRRK2‐IN‐1 at concentrations of 0.1, 0.3, and 1 *μ*M had no effect on DA release and PPR. However, LRRK2‐IN‐1 at 3 *μ*M decreased single‐pulse‐evoked DA release by 28% (n = 7; *P* \< 0.05) and 4p\@20 Hz‐evoked DA release by 25% (n = 7; *P* \< 0.05; Figure [2](#cns12660-fig-0002){ref-type="fig"}B). PPR at 5‐, 10‐, and 20‐seconds interval was also attenuated (Figure [2](#cns12660-fig-0002){ref-type="fig"}B). In contrast, GSK2578215A (Figure [2](#cns12660-fig-0002){ref-type="fig"}C) and GNE‐7915 (Figure [2](#cns12660-fig-0002){ref-type="fig"}D) at all concentrations had no effect on DA release and recovery. Western blot confirmed the dose--response inhibition by the LRRK2 inhibitions (Figure S1).

![Effects of different concentrations of LRRK2 inhibitors on DA release in WT mice. (**A**) Representative voltammetric traces of evoked DA release with different stimulations before and after LRRK2‐IN‐1 (3 *μ*M, 2‐h incubation) treatment. (**B**) Effects of LRRK2‐IN‐1 (1 and 3 *μ*M, 2‐h incubation) on evoked DA release and PPR. DMSO, n = 14; 1 *μ*M, n = 10; 3 *μ*M, n = 7. LRRK2‐IN‐1 at 1 *μ*M had no effect on evoked DA release and PPR. However, LRRK2‐IN‐1 at a concentration of 3 *μ*M decreased 1p‐evoked DA release (treated group: 1.57 ± 0.21 *μ*M, n = 7; control group: 2.19 ± 0.08 *μ*M, n = 7, *P* \< 0.05) and 4p\@20 Hz‐evoked DA release (treated group: 2.01 ± 0.13 *μ*M, n = 7; control group: 2.67 ± 0.13 *μ*M, n = 7, *P* \< 0.05) and PPR with 5‐s interval (treated group: 0.40 ± 0.02, n = 7; control group: 0.46 ± 0.02, n = 7, *P* \< 0.05), 10‐s interval (treated group: 0.54 ± 0.02, n = 7; control group: 0.64 ± 0.02, n = 7, *P* \< 0.05), and 20‐s interval (treated group: 0.73 ± 0.02, n = 7; control group: 0.83 ± 0.03, n = 7, *P* \< 0.05). (**C**) GSK2578215A (1 and 3 *μ*M) had no effect on evoked DA release and PPR. DMSO, n = 14; 1 *μ*M, n = 10; 3 *μ*M, n = 10. (**D**) GNE‐7915 (1 and 3 *μ*M) had no effect on evoked DA release and PPR. DMSO, n = 14; 1 *μ*M, n = 11; 3 *μ*M, n = 9. \**P* \< 0.05, paired *t*‐test. All the three inhibitors at 0.1 or 0.3 *μ*M had no effect on evoked DA release (data not shown here, but summarized in Figure [3](#cns12660-fig-0003){ref-type="fig"}B).](CNS-23-162-g002){#cns12660-fig-0002}

LRRK2‐IN‐1 at a Concentration of 3 *μ*M Shows Off‐target Effects, Whereas GNE‐7915 and GSK2578215A Do Not {#cns12660-sec-0015}
---------------------------------------------------------------------------------------------------------

The inhibitory effects of 3 *μ*M LRRK2‐IN‐1 on evoked DA release and recovery could be LRRK2 dependent, but could also be due to off‐target effects. To address concerns about off‐target pharmacology, we conducted the same experiments in LRRK2 KO mice with 1 or 3 *μ*M LRRK2 inhibitors, the highest concentrations we used in this study. LRRK2‐IN‐1 at 3 *μ*M decreased 1p‐evoked DA release by 39 ± 11% (n = 14; *P* \< 0.01; Figure [3](#cns12660-fig-0003){ref-type="fig"}B, right panel). PPR at 5‐, 10‐, and 20‐seconds intervals was also attenuated (Figure [3](#cns12660-fig-0003){ref-type="fig"}A, bottom panel). We performed a comparison between WT and KO. There was no clear difference between genotypes at 3 *μ*M (WT: 28 ± 7%, n = 7; KO: 39 ± 11%, n = 14, *P* \> 0.05), suggesting that LRRK2‐IN‐1 mediates its inhibitory effect independently of LRRK2. GSK2578215A and GNE‐7915 at both concentrations had no effect on DA release and recovery, confirming on‐target effects. Therefore, we chose 1 *μ*M as an appropriate concentration for these three LRRK2 inhibitors for short‐time treatments in the subsequent experiments.

![LRRK2‐IN‐1 at 3 *μ*M shows off‐target effects on evoked DA release in KO mice, whereas GSK2578215A and GNE‐7915 do not. (**A**) Upper panels show no effect of the three LRRK2 inhibitors (1 *μ*M, 2‐h incubation) on DA release and PPR. LRRK2‐IN‐1, n = 12 for each condition; GSK, n = 8 for each condition; GNE, n = 10 for each condition. Lower panels show that LRRK2‐IN‐1 at a concentration of 3 *μ*M decreased 1‐p‐evoked DA release (treated group: 1.49 ± 0.22 *μ*M, n = 14; control group: 1.88 ± 0.20 *μ*M, n = 4, *P* \< 0.01), 4p\@20 Hz‐evoked DA release (treated group: 2.07 ± 0.26 *μ*M, n = 14; control group: 2.65 ± 0.26 *μ*M, n = 4, *P* \< 0.01) and PPR with 5‐s interval (treated group: 0.37 ± 0.02, n = 9; control group: 0.43 ± 0.04, n = 9, *P* \< 0.01), 10‐s interval (treated group: 0.52 ± 0.02, n = 9; control group: 0.61 ± 0.04, n = 9, *P* \< 0.01), and 20‐s interval (treated group: 0.74 ± 0.02, n = 9; control group: 0.82 ± 0.02, n = 9, *P* \< 0.01). GSK, n = 8 for each condition; GNE, n = 10 for each condition. \**P* \< 0.05, \*\**P* \< 0.01, paired *t*‐test. (**B**) Dose--response curves for each LRRK2 inhibitor, respectively, in WT mice (left panel) and KO mice (right panel). The amplitude of 1p‐evoked DA release in the treated group was normalized to the control group (DMSO‐treated group). 3 *μ*M LRRK2‐IN‐1 decreased 1p‐evoked DA release in both WT and KO mice suggesting off‐target effects. \**P* \< 0.05, \*\**P* \< 0.01, One‐way ANOVA followed by *Bonferroni* test.](CNS-23-162-g003){#cns12660-fig-0003}

All Three LRRK2 Inhibitors Show No Inhibitory Effect on DA Release and Recovery in WT Mice with 30‐min Perfusion {#cns12660-sec-0016}
----------------------------------------------------------------------------------------------------------------

Although these three LRRK2 inhibitors had no effects on DA release and recovery in WT mice (1 *μ*M, 2‐h incubation), the experiments were conducted in different slices, that is, control slice versus treated slice. To make sure that these inhibitors at 1 *μ*M have no acute effect on DA release and recovery in WT mice, we decided to examine the effects of LRRK2 inhibitors on the same recording site for a short period of time. We recorded the evoked DA releases in the same site before and after perfusing the slice with 1 *μ*M LRRK2 inhibitor for 30 min. There was no alteration of DA release and PPR before and after 30‐min perfusion for LRRK2‐IN‐1 (Figure [4](#cns12660-fig-0004){ref-type="fig"}A), GSK2578215A (Figure [4](#cns12660-fig-0004){ref-type="fig"}B), and GNE‐7915 (Figure [4](#cns12660-fig-0004){ref-type="fig"}C). Thus, 30‐min treatment of LRRK2 inhibitor had no effect on DA release or synaptic vesicle replenishment/recycling, confirming that these three LRRK2 inhibitors at concentrations of 1 *μ*M or lower have no acute effect on DA release or recovery.

![None of the three LRRK2 inhibitors have any significant effect on DA release or synaptic vesicle replenishment/recycling with 30‐min perfusion. Evoked DA release was recorded by FSCV at one site within a slice, and 1 *μ*M LRRK2 inhibitor was perfused for 30 min. There was no significant difference of DA release and PPR before and after 30‐min perfusion. (**A**) LRRK2‐IN‐1, n = 6 for each condition. (**B**) GSK, n = 6 for each condition; (**C**) GNE, n = 6 for each condition.](CNS-23-162-g004){#cns12660-fig-0004}

None of the Three LRRK2 inhibitors Have Any Effects on DA Release and Recovery in G2019S Transgenic Mice {#cns12660-sec-0017}
--------------------------------------------------------------------------------------------------------

We then chose 1 *μ*M as an appropriate concentration to examine whether LRRK2 inhibitors could enhance DA neurotransmission in G2019S Tg mice [35](#cns12660-bib-0035){ref-type="ref"}. G2019S Tg mice showed no alteration of DA release or recovery at the age of 10‐12 months old (Figure S2, five pairs of 10‐ to 12‐month‐old mice). Acute brain slices from \~10‐month‐old G2019S Tg mice were cut in half, one half as control group and the other half treated with a LRRK2 inhibitor for 2 h at 36°C. None of the three inhibitors had any effect on DA release or recovery (indicated by PPR) in G2019S Tg mice (Figure [5](#cns12660-fig-0005){ref-type="fig"}B). We then performed FSCV at the same site in one slice before and after 30‐min perfusion with LRRK2 inhibitor, and no significant difference in DA release or recovery was detected either (Figure [5](#cns12660-fig-0005){ref-type="fig"}C). As the lack of the effect on G2019S TG mice could be related to an increased LRRK2 kinase activity, for which 1 *μ*M might be below the threshold, we performed a concentration--response curve and found that there was still no effect even at 3 *μ*M (Figure S3). Western blot confirmed the dose--response inhibition by the LRRK2 inhibitions (Figure S4).

![None of the three LRRK2 inhibitors have any significant effect on DA release or synaptic vesicle replenishment/recycling in the G2019S Tg mice with 2‐h incubation or 30‐min perfusion. (**A**) Representative voltammetric traces of 1‐p‐evoked DA release under control condition and with LRRK2 inhibitor (1 *μ*M, 2 hr) treatment. (**B**) No inhibitor (1 *μ*M, 2‐h incubation) produced a significant effect on DA release and recovery. LRRK2‐IN‐1, n = 10 for each condition; GSK, n = 11 for each condition; GNE, n = 11 for each condition. (**C**) No inhibitor (1 *μ*M, 30‐min perfusion) produced a significant effect on DA release and recovery. LRRK2‐IN‐1, n = 7 for each condition; GSK, n = 7 for each condition; GNE, n = 7 for each condition.](CNS-23-162-g005){#cns12660-fig-0005}

GNE‐7915 Enhances DA Release and Recovery in R1441G Transgenic Mice {#cns12660-sec-0018}
-------------------------------------------------------------------

Next, we examined the effects of LRRK2 inhibitor on another preclinical mouse model, R1441G Tg mice, to see whether any of the inhibitors could alleviate DA transmission deficits. R1441G Tg mice recapitulate the motor behavioral, neurochemical, and histopathological features of PD [36](#cns12660-bib-0036){ref-type="ref"}. In addition, the Tg mice exhibit age‐dependent decrease of DA release and recovery, which starts at the age of 5 months. PPR was significantly decreased in Tg mice starting at the age of 5 months, and 1p‐evoked DA release was decreased by 25% at the age of 10 months (2014 SFN abstract, 512.08/S5, data now shown). When treated with 1 *μ*M LRRK2‐IN‐1 or GSK2578215A for 30‐min perfusion or 2‐h incubation, DA release and recovery did not show any significant difference. However, when treated with 1 *μ*M GNE‐7915 for 2 h, we observed a significant increase of PPR (PPR/5s, control: 0.45 ± 0.01, treated: 0.48 ± 0.01, n = 10, *P* \< 0.05; PPR/10s, control: 0.61 ± 0.005, treated: 0.66 ± 0.008, n = 10, *P* \< 0.01; PPR/20s, control: 0.80 ± 0.015, treated: 0.84 ± 0.002, n = 10, *P* \< 0.001, Figure [6](#cns12660-fig-0006){ref-type="fig"}). Single‐pulse‐evoked DA release was also enhanced (control: 1.93 ± 0.15 *μ*M, n = 10; treated: 2.17 ± 0.19 *μ*M, n = 10, *P* \< 0.05, Figure [6](#cns12660-fig-0006){ref-type="fig"}). Thirty‐minute perfusion also increased DA release and the PPR recorded from the same site.

![GNE‐7915 enhances DA release and synaptic vesicle replenishment/recycling in the R1441G Tg mice. (**A**) Representative voltammetric traces of 1‐p‐evoked DA release under control condition and with LRRK2 inhibitor (1 *μ*M, 2‐h incubation) treatment. LRRK2‐IN‐1 and GSK had no significant effect on DA release, whereas GNE enhanced DA release. (**B**) Neither LRRK2‐IN‐1 (1 *μ*M, 2‐h incubation, n = 10 for each condition) nor GSK (1 *μ*M, 2‐h incubation, n = 10 for each condition) had any significant effect on DA release and recovery. In contrast, GNE‐7915 (1 *μ*M, 2‐h incubation) increased 1‐p and 4p\@20 Hz‐evoked DA release (n = 10, *P* \< 0.05) and PPR at 5s (n = 10, *P* \< 0.05), 10s (n = 10, *P* \< 0.01) and PPR at 20s (n = 10, *P* \< 0.001). 4p\@20 Hz/1p, n = 9; 2p\@100 Hz/1p, n = 9. (**C**) Neither LRRK2‐IN‐1 (1 *μ*M, 30‐min perfusion, n = 7 for each condition) nor GSK (1 *μ*M, 30‐min perfusion, n = 7 for each condition) had any effect on DA release and kinetics. In contrast, GNE‐7915 (1 *μ*M, 30‐min perfusion) increased single‐pulse and 4p\@20 Hz‐evoked DA release (n = 6, *P* \< 0.05) and PPR at 10s (n = 9, *P* \< 0.05) and PPR at 20s (n = 9, *P* \< 0.001). 4p\@20 Hz/1p, n = 6; 2p\@100 Hz/1p, n = 6; PPR/5s, n = 9. \**P* \< 0.05, \*\*\**P* \< 0.001, paired *t*‐test.](CNS-23-162-g006){#cns12660-fig-0006}

LRRK2 Inhibitors Have No Effects on the Firing Rates of DA Neurons from WT, G2019S, or R1441G TG Mice {#cns12660-sec-0019}
-----------------------------------------------------------------------------------------------------

LRRK2 inhibitors can exert their effects on DA neurotransmission either on the release of DA from the terminals, or on the firing of DA neurons. To investigate whether the firing properties of DA neuron are affected by the LRRK2 inhibitors, we used patch‐clamp recording to examine the tonic firing rates of SNpc DA neurons in acute midbrain slices from 5‐ to 6‐month‐old WT mice. DA neurons in the midbrain are vulnerable to various stresses, and it is very challenging to do patch‐clamp recording in adult slices (\> 4 weeks). We have successfully conducted patch‐clamp experiments in up to 10‐month‐old mice using a modified cutting solution and holding solution [26](#cns12660-bib-0026){ref-type="ref"}. No difference of the firing rate was observed between the control group and the inhibitor‐treated group (LRRK2‐IN‐1: 2.07 ± 0.18 Hz versus 2.10 ± 0.22 Hz, n = 10; GSK: 2.27 ± 0.22 Hz versus 2.34 ± 0.20 Hz, n = 10; GNE: 2.22 ± 0.20 Hz versus 2.18 ± 0.19 Hz, n = 10, Figure [7](#cns12660-fig-0007){ref-type="fig"}A, middle panel). A 30‐min perfusion of the same neuron recorded with LRRK2 inhibitor did not have any detectable effects (Figure [7](#cns12660-fig-0007){ref-type="fig"}A, right panel). Thus, these three LRRK2 inhibitors had no effect on the firing rate of SNpc DA neurons from WT mice. We then used patch‐clamp recording to examine the effects of these three LRRK2 inhibitors on SNpc DA neurons from G2019S (Figure [7](#cns12660-fig-0007){ref-type="fig"}B) and R1441G (Figure [7](#cns12660-fig-0007){ref-type="fig"}C) Tg mice. No effect was observed for any of these three inhibitors. G2019S and R1441G mutations did not affect the tonic firing rate of the SNpc DA neurons either (WT: 2.19 ± 0.06, n = 66; G2019S: 2.24 ± 0.07, n = 63; R1441G: 2.23 ± 0.06, n = 54).

![None of the three LRRK2 inhibitors have any significant effect on the tonic firing rates of SNpc DA neurons from WT, G2019S, and R1441G Tg mice. (**A**) No significant alteration of DA neuron firing rates in WT mice after 1 *μ*M LRRK2‐IN‐1, GNE7915, and GSK2578215A treatment. Left panel, representative traces of patch recording before and after 30‐min perfusion of LRRK2 inhibitors; middle panel, bar graph showing no effects of the three inhibitors with 2‐h incubation, n = 10 for each inhibitor; right panel, bar graph showing no effects of the three inhibitors with 30‐min perfusion, n = 12 for each inhibitor. (**B**) No significant alteration of DA neuron firing rates in G2019S mice after 1 *μ*M LRRK2‐IN‐1, GNE7915, and GSK2578215A treatment. Left panel, representative traces of patch recording before and after 30‐min perfusion of LRRK2 inhibitors; middle panel, bar graph showing no effects of the three inhibitors with 2‐h incubation, n = 11 for each inhibitor; right panel, bar graph showing no effects of the three inhibitors with 30‐min perfusion, n = 10 for each inhibitor. (**C**) No significant alteration of DA neuron firing rates in R1441G mice after 1 *μ*M LRRK2‐IN‐1, GNE7915, and GSK2578215A treatment. Left panel, representative traces of patch recording before and after 30‐min perfusion of LRRK2 inhibitors; middle panel, bar graph showing no effects of the three inhibitors with 2‐h incubation, n = 10 for each inhibitor; right panel, bar graph showing no effects of the three inhibitors with 30‐min perfusion, n = 8 for each inhibitor.](CNS-23-162-g007){#cns12660-fig-0007}

Discussion {#cns12660-sec-0020}
==========

Our goal in this study was to examine the effects of various LRRK2 inhibitors on DA neurotransmission. To evaluate the potential of LRRK2 inhibitors as disease‐modifying therapies in PD, the first key issue is to assess the safety of kinase inhibitors. Therefore, we need to investigate whether loss of LRRK2 has any detrimental effects on DA neurotransmission. Consistent with a previous report [37](#cns12660-bib-0037){ref-type="ref"}, our study provides further evidence that loss of LRRK2 does not affect DA neurotransmission. LRRK2 KO mice show normal DA release and recovery compared to WT controls. Although loss of LRRK2 is not equivalent to the situation of LRRK2 kinase inhibition, the result suggests that inhibiting LRRK2 will not have side effects in terms of DA neurotransmission, which is critical to PD treatment. Our findings are consistent with the findings that LRRK2 deletion in mice does not cause neurodegeneration and motor deficits [38](#cns12660-bib-0038){ref-type="ref"}.

Using pharmacological approaches together with the LRRK2 KO mice, we investigated the effects of three structurally distinct LRRK2 inhibitors (LRRK2‐IN‐1, GSK2578215A, and GNE‐7915) on synaptically released DA in the dSTR using FSCV and DA neuron firing in the SNpc using patch‐clamp recording. We found that LRRK2‐IN‐1 at a concentration of 3 *μ*M caused off‐target effects and decreased DA release, whereas GSK2578215A and GNE‐7915 did not with regard to DAergic transmission. We have further examined the effects in two preclinical LRRK2 mouse models (i.e., BAC transgenic *hLRRK2‐G2019S* and BAC transgenic *hLRRK2‐R1441G*) and demonstrate that GNE‐7915 enhances DA release and recovery (i.e., increasing synaptic vesicle mobilization/recycling) in R1441G mice. Thus, GNE‐7915 may be a better choice in the development of LRRK2 related therapeutics for PD. The lack of any effect of the LRRK2 inhibitors on G2019S mice is not surprising as the mice themselves have no DA neurotransmission deficits up to 12 months old.

Although all three inhibitors are selective, the selectivity of LRRK‐IN‐1 is not as good as GSK2578215A or GNE‐7915 [15](#cns12660-bib-0015){ref-type="ref"}. Therefore, LRRK2‐IN‐1 at high concentrations may worsen DA neurotransmission by targeting other kinases. A recent study has also reported the off‐target effects of LRRK2‐IN‐1 [39](#cns12660-bib-0039){ref-type="ref"}. Caution should be exerted when using LRRK2‐IN‐1 at high concentrations even for short periods of time or at low concentrations for long periods of time for biochemical or cellular studies. Genetic controls (KO or knockdown) should be used in conjunction to rule out off‐target effects. GSK2578215A or GNE‐7915 is highly selective as there is no observable off‐target effect in terms of DAergic neurotransmission even at 3 *μ*M.

Whereas GNE‐7915 enhances DA release and recovery in R1441G mice, GSK2578215A has no effect. Although both inhibitors are BBB permeable, GSK2578215A fails to reduce the phosphorylation levels of LRRK2 in the CNS, although the mechanism is unclear [15](#cns12660-bib-0015){ref-type="ref"}. Our Western blot results from brain slices also showed less dephosphorylation by GSK2578215A compared to GNE‐7915. This may explain the different effects of GSK2578215A and GNE‐7915 in our study.

In addition to G2019S Tg, we chose R1441G Tg mice as this model has shown progressive motor deficits and DA release deficits. Human R1441C BAC Tg rats have also shown progressive motor deficits and DA release deficits [40](#cns12660-bib-0040){ref-type="ref"}. Although R1441G mutation is within the GTPase domain instead of the kinase domain, recent studies suggest that the two domains interact with each other [41](#cns12660-bib-0041){ref-type="ref"}, [42](#cns12660-bib-0042){ref-type="ref"}, [43](#cns12660-bib-0043){ref-type="ref"}, [44](#cns12660-bib-0044){ref-type="ref"} and kinase activity is increased in R1441G Tg mice based on the Ser1292 autophosphorylation assay [7](#cns12660-bib-0007){ref-type="ref"}. GNE‐7915 enhanced DA release and recovery in R1441G mice, but not in G2019S mice. This is intriguing because kinase activity is more elevated in G2019S mice. One can speculate that decreased DA release and recovery in R1441G was a consequence of both altered GTPase and kinase activities and the rescue may depend on the interplay of GTPase and kinase domains. In our study, PPR is a measurement of the recovery of the rapid releasable pool of DA synaptic vesicles, which includes the mobilization, endocytosis, and refilling of DA into synaptic vesicles. The mechanism whereby GNE‐7915 enhances the recovery and release of DA vesicles warrants further studies.

Our work is the first study to examine whether LRRK2 inhibitors affect DAergic neurotransmission acutely and ameliorate DAergic neurotransmission deficits in preclinical models of PD; however, our study is limited in nature. First, our study was conducted in acute brain slices and we examined the acute effects (30‐min to 2‐h treatment). As PD is a chronic disorder, we need to investigate the effects of chronic treatment on DA neurotransmission. For example, mice will be orally administered with GNE‐7915 for months and we will then examine DA neurotransmission either in slice preparations or in vivo to know the effects following long‐term treatment with LRRK2 inhibitors. Second, DA neurons have two firing patterns in vivo, that is, tonic firing and phasic firing [45](#cns12660-bib-0045){ref-type="ref"}. We could only examine the effects of LRRK2 inhibitor on tonic firing using slice preparation as phasic firing depends on inputs from other brain areas to the SNpc. We cannot exclude the possibility that the inhibitor may affect DA neuron firing by exerting its effects on the inputs to SNpc. Finally, our results could not tell whether these LRRK2 inhibitors will slow down DA neuron degeneration, and therefore, the current data may not be good predictions of the therapeutic effects of the inhibitors.

Despite these limitations, our work here clearly demonstrates that LRRK2‐IN‐1, GSK2578215A, and GNE‐7915 at concentrations of 1 *μ*M have no acute effects on synaptically released DA in the dSTR and the tonic firing rate of DA neurons in the SNpc in WT mice. GNE‐7915 could even enhance DA release and recovery in a R1441G mouse model. These findings are encouraging, as they not only fill in the gap in our knowledge on the safety in terms of DAergic neurotransmission, but also allow us to determine whether certain LRRK2 inhibitors can be validated for further therapeutic development for PD.
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**Figure S1**. Western blot was used to measure the effects of different concentrations of LRRK2 inhibitors on s935 phosphorylation of LRRK2 in striatal slices from WT mice.

**Figure S2**. There is no alteration of DA release and synaptic vesicle replenishment /recycling in G2019S Tg mice.

**Figure S3**. FSCV was used to measure the effects of different concentrations of LRRK2 inhibitors on DA release and recovery in G2019S mice.

**Figure S4**. Western blot was used to measure the effects of different concentrations of LRRK2 inhibitors on s935 phosphorylation of LRRK2 in striatal slices from G2019S mice.

**Table S1**. Supplementary table.
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